Approximately 1 in 5 children in the United States lives in poverty, and >40% of children are poor or near-poor. 1 In 2013, the American Academy of Pediatrics added child poverty to its Agenda for Children in recognition of poverty's broad and enduring effects on child health and development. 2 As a group, children in poverty are more likely to experience developmental delay, perform worse on cognitive and achievement tests, and experience more behavioral and emotional problems than their more advantaged peers. [3] [4] [5] In addition, child socioeconomic status (SES) is tied to educational attainment, health, and psychological well-being decades later. [6] [7] [8] [9] Increasingly, research is focused on understanding the extent to which these long-term outcomes are related to changes in the developing brain.
For 50 years, research in animals has documented that rearing environments affect brain development. "Enriched environments," including toys, social stimulation, and novelty, induce changes brain structure, function, and gene expression. 10 Animals raised in enriched conditions demonstrate better learning and memory and greater capacity for plasticity and behavioral adaptation. 10 Although animal models can be difficult to abstract In the United States, >40% of children are either poor or near-poor. As a group, children in poverty are more likely to experience worse health and more developmental delay, lower achievement, and more behavioral and emotional problems than their more advantaged peers; however, there is broad variability in outcomes among children exposed to similar conditions. Building on a robust literature from animal models showing that environmental deprivation or enrichment shapes the brain, there has been increasing interest in understanding how the experience of poverty may shape the brain in humans. In this review, we summarize research on the relationship between socioeconomic status and brain development, focusing on studies published in the last 5 years. Drawing on a conceptual framework informed by animal models, we highlight neural plasticity, epigenetics, material deprivation (eg, cognitive stimulation, nutrient deficiencies), stress (eg, negative parenting behaviors), and environmental toxins as factors that may shape the developing brain. We then summarize the existing evidence for the relationship between child poverty and brain structure and function, focusing on brain areas that support memory, emotion regulation, and higher-order cognitive functioning (ie, hippocampus, amygdala, prefrontal cortex) and regions that support language and literacy (ie, cortical areas of the left hemisphere). We then consider some limitations of the current literature and discuss the implications of neuroscience concepts and methods for interventions in the pediatric medical home.
extrapolate to child poverty, these studies provide a basis for the idea that poverty may shape the brain at the molecular, neural, cognitive, and behavioral levels. 11 Neuroscience research on poverty and brain development in humans is relatively new. The first studies examined socioeconomic disparities in behavior and cognition using tasks intended to localize to specific brain systems. [12] [13] [14] [15] [16] [17] Other studies built on this work by directly examining SES differences in brain structure and function [18] [19] [20] [21] [22] and neural networks and functional connectivity between brain areas. [23] [24] [25] Despite significant progress, current understandings of how, why, when, and in what individuals poverty shapes the brain remain incomplete.
This review builds on previous reviews 11, [26] [27] [28] [29] [30] [31] [32] [33] [34] to summarize the neuroscience of poverty for pediatric practitioners. We focus on poverty rather than other forms of adversity (eg, abuse/neglect, institutionalization) and on stateof-the-art studies published in the last 5 years. After briefly discussing the measurement of SES, we present an overview of brain development and sensitive periods. We then discuss deprivation and stress as factors hypothesized to shape brain development. Finally, we review what is known about how poverty shapes the brain and consider implications for pediatric practice.
DEFINING POVERTY
Studies of SES and the brain rely on a variety of measures including family income (or income-to-needs ratio), educational attainment, occupational status, neighborhood SES, and perceived social position. (The diversity of these measures is illustrated in Tables 1, 2, 3 , and 4, which summarize studies discussed later.) Although SES indicators are intended as proxies for the environments of poverty, 35 they provide little insight into how individuals actually experience poverty. In addition, there is no bright line that distinguishes socioeconomic deprivation likely to result in poor outcomes from deprivation less likely to do so. A child living marginally above the federal poverty level is not appreciably better off than one marginally below; indeed, in some cases, families well above this threshold may lack the resources to meet their children's needs.
BRAIN DEVELOPMENT AND SENSITIVE PERIODS
Brain development is complex and ongoing throughout childhood and adolescence, with a time course that varies depending on the outcome considered. Parts of the neural tube are developed just 5 weeks after conception, and development of the cortex is evident by midgestation. 60 From late gestation to age ∼2 years, there is substantial brain growth, followed by a more gradual increase in the number of neurons. 60 The number of synapses in the cerebral cortex peaks within the first few years of life and then plateaus and declines in later childhood and adolescence. Throughout childhood and adolescence, myelination gradually occurs, insulating axons and increasing the speed and synchronization of neural processing. 61 In addition, these general processes occur at different rates across the brain. For example, the prefrontal cortex (PFC), which supports cognitive self-regulation and executive functions, develops rapidly in the first 2 years of life, at 7 to 9 years of age, and again in the midteens, with continued myelination into the third decade. 60, 62 Subcortical structures such the amygdala, which supports emotion processing, and the hippocampus, which supports memory and helps coordinate the stress response, increase in volume until age ∼30 years, at which point they plateau and then gradually decline. 60 In general, sensitivity to environmental stimuli, positive or negative, is heightened during periods of rapid brain development. Changes in the brain induced by environmental stimuli are broadly termed "plasticity." Sensitive periods are those during which plasticity is greatest. Different neural systems have different sensitive periods, 61 and animal studies suggest that when a sensitive period closes depends on a variety of factors such as the function and complexity of the circuits involved and the experiences of the individual, rather than age alone. 63, 64 Brain development is driven by both genetic and environmental influences, as well as the interaction between the two. 65 Importantly, the extent to which cognitive and brain development depend on genetic and environmental input may vary by SES. Studies have found that genes explain more of the variance in cognition and brain structure in high-SES individuals than in low-SES individuals. 66, 67 In addition, behavioral genetics research suggests that genetic variation confers vulnerability or resilience to specific environments and helps explain individual differences in the impact of poverty on brain and cognitive development. [68] [69] [70] [71] A number of studies have found support for the differential susceptibility hypothesis, which posits that some genetic variants (or "plasticity alleles") confer greater vulnerability to environmental stimuli, regardless of whether those stimuli are positive or negative. 68, [72] [73] [74] In this way, outcomes among children who share a particular genetic variant may vary substantially based on the nature of environments in which they are raised."
Epigenetic research demonstrates that environments play an important role in how the genetic code itself is expressed. Although epigenetic influences are increasingly considered central to the relationship between early adversity and later outcomes, they are only just beginning to be understood. 26, 75, 76 One example of research in this area is evidence that maternal care regulates gene expression in the brain. 18 Rat pups exposed to high levels of maternal care, regardless of whether they are biologically related to the dam, demonstrate more glucocorticoid receptor expression in the hippocampus and more efficient regulation of negative feedback on the hypothalamic-pituitaryadrenal (HPA) axis. This enables a more modest, well-regulated stress response and better cognitive performance. 18, 75, 76 In addition, 75 Although still limited and confined to individuals exposed to abuse, some evidence is emerging to support a similar role of caregiving in regulating gene expression in the human brain. 59, 77 
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ENVIRONMENTAL MEDIATORS: MATERIAL DEPRIVATION AND STRESS
Material deprivation and stress are factors related to SES that may function as environmental mediators 59 of the SES-brain development relationship. Figure 1 draws on a framework based on animal neuroscience research advanced by Sheridan and McLaughlin, which posits that the environments of poverty shape neurodevelopment by depriving the brain of key stimuli and increasing its exposure to negative input. 77 Children from advantaged backgrounds may also lack cognitive stimulation and experience high levels of stress; however, poor children typically experience more adversities and may have fewer buffering resources. 78 
Material Deprivation
Cognitive Stimulation in the Home
For children growing up in poverty, constrained resources may limit parents' access to the tools needed to provide cognitive stimulation in the home, including toys, books, and educational opportunities. 59, 79, 80 SES may also shape patterns of communication and language. [80] [81] [82] Research suggests that, relative to their higher-SES peers, children from low-SES families are often exposed to fewer words and conversations and less complex and more directive speech. [80] [81] [82] 
Nutritional Deprivation
Micronutrients are critical for healthy brain development, particularly during late gestation and early infancy. 60 Because of factors such as food insecurity, low-income infants and children are more likely to experience nutrient deficiencies. 83, 84 Micronutrients such as vitamin B12, folate, retinoic acid, omega-3 fatty acids, zinc, and iron play a role in regulating gene expression that guides brain development and in modulating neuroplasticity, dendritic arborization, synaptogenesis, and myelination. 85 The impact of these deficiencies on brain development and behavior varies based on the neural processes developing at the time and the severity of the deficiency. 86 For example, early childhood iron deficiency is associated with poor academic performance; cognitive, emotional, and attention problems; and less educational attainment in adulthood. 87, 88 Many deficiencies may be prevented or treated with supplementation. 60, 89, 90 The effectiveness of supplementation varies by nutrient, level of deficiency, and age of the child at the time of deficiency and supplementation. 60 For example, a meta-analysis concluded that the cognitive effects of iron deficiency in infants and very young children may not be amenable to short-term supplementation, whereas supplementation in schoolaged children and adolescents with anemia may yield substantial improvements in cognition. 60 
Stress
Children growing up in low-SES families are more likely to experience stressors including family conflict, separation, household crowding, and neighborhood disorder. 91, 92 The term "toxic stress" was coined to highlight similarities between chronic stress and exposure to other toxins for children's health. 65 The stress response system, particularly the HPA axis, has been a focus of research of the health and developmental effects of early adversity. 27, 93 Evidence from animals and humans suggests that prenatal stress can "program" the HPA, leading to excessive glucocorticoid secretion. 93 In humans, postnatal chronic stress can lead to both hyper-and hypoactivity in the HPA, depending on the nature, timing, duration, and severity of the stressor, individuals' previous experiences, and genetic variation. 93 Income/needs ratio Longitudinal study with SES assessed at age 9, chronic stressors assessed at age 9, 13, and 17; fMRI at age 24 using an emotional regulation task
Low income at age 9 associated with decreased PFC activity and increased amygdala activity; childhood chronic stress mediated the relation between income and PFC activity; at age 9, children from low-income families had positive associations between amygdala and left VLPFC, while children from higher-income families had negative associations between amygdala and left VLPFC during emotional regulation task Luby, et Both animals and humans show stress-related changes in brain areas associated with the HPA stress response, including PFC, amygdala, and hippocampus. 93 Excessive glucocorticoid exposure can affect neuroplasticity, thereby affecting subsequent stress response and behavioral and emotional regulation. 95 In animals, chronic HPA activation reduces synaptic plasticity and neurogenesis in the hippocampus, which, in turn, affects memory and the ability to cope with future stressors. 95, 96 Taken together, the evidence shows that excessive stress hormones can affect the brain in ways that undermine cognition and mental health if they occur under the right conditions; however, relatively little is known about the specific neural mediators that link poverty to these outcomes. 93, 95 Disruptions to the parent-child relationship (eg, maternal depression or anxiety, extended separation) are potent sources of chronic stress for children, regardless of SES. Stress may impact parents' emotional, behavioral, and relational functioning, including their parenting behaviors. 79, 97 Children raised in poverty are more likely to experience inconsistent and harsh discipline and less nurturing and responsiveness. 79, 97 Most research in this area has focused on extreme conditions (eg, institutionalization, maltreatment). These studies have linked negative parenting experiences with smaller gray-and white-matter volume in childhood and smaller hippocampal volume in adulthood. 98 Importantly, however, individuals vary in their susceptibility to parenting; this susceptibility may be a function of factors such as temperament, physiologic reactivity, and genetics. 99, 100 Seminal studies in rodents show that maternal caregiving can regulate gene expression in the brain, including genes that govern glucocorticoid receptor expression in the hippocampus, transcription of neural growth factor, and sensitivity to stress hormones. 101 Rat pups exposed to high levels of maternal care demonstrate more glucocorticoid receptor expression in the hippocampus and more efficient regulation of negative feedback on the HPA axis. 34, 102, 103 Preliminary studies suggest that humans exposed to abuse and maltreatment show reductions in glucocorticoid receptor expression in the brain, but more evidence is needed to better understand how animal research can be extrapolated to human parenting. 104 
Environmental Toxins
Poor children are more likely live in neighborhoods in which they are exposed to environmental toxins. 106, 107 In addition, environmental factors associated with poverty may amplify the effect of some toxins. 108 For example, children from low-SES families are at higher risk of iron deficiencies, and low iron levels increase the body's absorption of one of the most well-documented neurotoxins, lead. 89 Lead alters the transmission of glutamate and dopamine, resulting in changes in neuronal plasticity and synaptic communication, with particular effects on PFC, hippocampus, and cerebellum. 109 Even low levels of lead are related to worse performance on cognitive tasks and reduced auditory recognition ability. 110, 111 Similarly, environmental tobacco smoke has greater effects on children's cognitive outcomes among children from lower SES backgrounds relative to their higher SES peers. 112 
HOW SES SHAPES BRAIN DEVELOPMENT: EVIDENCE FOR BRAIN IMPACTS Brain Structure and Function
Material deprivation, stress, and environmental toxins are Cross-sectional study using EF battery
Children with unmet basic needs had lower effi cacy and scores on tasks related to prefrontal and executive systems; child literacy activities mediated the relation between SES group and working memory and fl uid processing, and computer activities mediated the relation between SES group and fl uid processing 
FIGURE 1
A framework based on animal neuroscience research. G × E, gene-environment interaction. *Neural changes = changes in neural plasticity, pruning, synaptic connections, dendritic branching, myelination.
by guest on March 7, 2016 Downloaded from environmental mediators that may link SES with brain development through a set of biologic mechanisms. Brain regions that process and respond to threat, regulate the stress response, and support language, literacy, and executive functions may be particularly vulnerable to these SES-related factors. 29, 93, 113 The protracted development of brain areas supporting these cognitive processes (eg, temporal lobe language regions, amygdala, hippocampus, PFC) makes these areas particularly vulnerable to environmental input. [114] [115] [116] Here we briefly summarize key findings about the association between SES and the structure and function of these brain areas. Acknowledging that multiple brain areas and networks support higher-level processes, and noting that differences in structure do not necessarily correlate with differences in cognitive ability, we group brain areas and processes together in our discussion to provide a richer understanding of the relations between poverty and physical and cognitive development. Tables 1, 2, 3,  and 4 summarize the design, sample, SES measures, and findings for the studies referenced in this section.
Left Occipitotemporal and Perisylvian Regions: Language and Reading
The left occipitotemporal and left perisylvian regions support language and reading. 14 Language ability is among the most strongly associated with childhood SES. 16 Early work found that higher-SES children tend to display greater neural specialization in reading-related brain areas, and, when reading ability is compromised, higher-SES children may recruit compensatory brain areas for reading. 14, 24 More recently, socioeconomic factors have been linked to the volume 18 and surface area 37 of language-related brain areas. Consistent with these findings, as early as infancy, children from lower-SES homes show differences in the electrophysiological signature of language development. 36, 38 It is possible that differences in the cumulative quality and quantity of language exposure, beginning very early in childhood, may result in differences in the development and specialization of the neural network for language and reading.
Hippocampus: Learning and Memory
The hippocampus supports learning and memory. It is dense with glucocorticoid receptors, making it particularly vulnerable to the effects of stress. 96 In animals, excessive glucocorticoid exposure impedes hippocampal development and maturation. 96 Neuroimaging studies of family SES and child/adolescent hippocampal size have evaluated these changes at the structural level. Studies of the relationship between family SES (ie, parent occupation/ education, income/income-to-needs) and child hippocampal size generally find that higher-SES children have larger hippocampi. 18, 20, 37, [40] [41] [42] The relationship between childhood poverty and hippocampal volume appears persistent; low childhood SES is associated with smaller hippocampi measured 5 decades later, even when adjusting for adult socioeconomic circumstances. 45 Accumulating evidence from studies using longitudinal designs suggests that parenting and chronic stress are environmental mediators of the relationship between family SES and child hippocampal structure. Less supportive and more hostile parenting in preschool may mediate the relationship between lower family income-to-needs ratio and smaller child hippocampal volume 3 to 6 years later. 42 Building on this work, recent evidence from a longitudinal study of children and adolescents followed for 6 years suggests that the relationship between family income and neurocognitive performance is mediated by hippocampal volume differences. 39 Different timing of assessments may yield different insights into the relationship between SES and hippocampal size. For example, in a longitudinal study of low-income children whose mothers had a history of substance use during pregnancy, 4-year-old children who experienced more parental nurturance had, on average, smaller hippocampal volumes in adolescence. 19 Because adolescence marks the beginning of a wave of hippocampal pruning, this suggests that children deprived of parental nurturance in early life may experience delayed hippocampal maturation. 19 Some evidence suggest that education itself is related to age-related hippocampal volume decreases across the lifespan; specifically, volume decreases appear more marked among individuals with less education compared with those with more education. 43 Together, these studies point to sensitive periods during which both material resources and parental nurturance may have a formative impact on the development of the hippocampus.
Amygdala: Fear and Emotional Processing
The amygdala is involved in emotional learning, motivation, and emotion and threat processing. 61 In contrast to the hippocampus, studies of amygdala structure and childhood poverty are more equivocal. 20, 37, [40] [41] [42] Functional studies are most consistent; lower childhood SES and risky family environments are associated with greater or less-regulated amygdala activation during emotion processing tasks. 47, 49, 51, 52 Chronic stress appears to be a factor in the relationship between childhood poverty and amygdala activity, 47 and studies have highlighted the role of parent functioning. For example, threats to the parent-child bond, including maternal depression and insecure infant attachment, have been associated with larger amygdalae in childhood and young adulthood, 48, 50 as well as higher amygdalahippocampal volume ratios, a risk factor for emotional dysregulation. 46 Together, these findings illustrate the importance of early-life caregiving experiences in shaping the structure and function of the amygdala, the neural foundation of emotion regulation.
Prefrontal Cortex: Executive Functions
The PFC supports cognitive processes including higher-order planning, reasoning, and decision-making. Material deprivation, and specifically lack of cognitive stimulation, may contribute to alterations in PFC function and deficits in neurocognitive functions subserved by the PFC. Less family language complexity is a potential mediator in the relationship between SES and PFC function. 17 Similarly, variation in home literacy activities and access to computers has been shown to mediate the relationship between lower SES and poorer child executive functioning. 59 In addition to material deprivation, stress and negative parenting behaviors are associated with reductions in PFC volume and surface area. 22, 37, 55, 56 Evidence is accumulating that these structural changes help explain the relationship between poverty, chronic stress, and cognitive and behavioral outcomes. 39, 43, [46] [47] [48] [49] [50] [51] [52] [55] [56] [57] [58] For example, younger adolescents exposed to high cumulative life stress during childhood have been shown to demonstrate poorer executive functioning related to smaller PFC volumes. 56 Similarly, 1 longitudinal study found that the relationship between early-life poverty and conduct disorder symptoms later in life was mediated by volume reductions in the orbitofrontal cortex. 57 Consistent with the hypothesis that excessive glucocorticoids link poverty-related negative input and PFC volume, there is some evidence that children from low-SES families are more likely to exhibit altered cortisol production and related deficits in cognitive functioning. In prospective studies with low-income rural children, material deprivation and stress (including poor housing quality, low economic sufficiency, and family instability) have been related to higher child basal cortisol, whereas positive parenting has been associated with lower cortisol. 54 Lower cortisol levels have been shown to mediate the relationship between positive parenting and better executive function (EF), as well as the relationship between higher SES and better child EF. 53 These findings thus suggest that, above and beyond material deprivation, exposure to family stress, and resultant effects on the HPA axis, could contribute to alterations in PFC development.
LIMITATIONS OF CURRENT LITERATURE
Although there is increasing interest in how poverty affects the brain, there are several shortcoming of the current literature. First, little is known about the role of timing and chronicity of poverty on brain structure. 31 In fact, there is relatively sparse evidence to illuminate the impact of poverty on the development of the brain per se, because few studies evaluate the brain at >1 point in time. Those that do typically evaluate outcomes over short periods of time. 39, 59 The paucity of longitudinal studies is related to several methodological challenges, which include rapid changes in brain-imaging technologies across time and a lack of measures and tasks that are equivalent across populations and development. 29 Nonetheless, such studies are critical to advancing the field. Longitudinal designs can shed light on sensitive periods in neural processes, which can guide interventions and help refute concerns about irreversibility that could stigmatize children in poverty. 26 To inform intervention programs, it is important to differentiate the effects of different SES indicators (eg, income, education, subjective social status). In addition, socioeconomic deprivation rarely occurs in isolation. It is estimated that low-income children experience 5 times more psychosocial risks than higherincome children. 117 Consequently, the effects ascribed to low SES likely reflect the impact of a variety of highly correlated factors (eg, nutrition, community violence, parenting quality) that change over time. To illuminate the relationship between poverty and brain development, longitudinal studies with comprehensive measurement of many potential environmental mediators are needed. Perhaps most urgently, experimental studies that assess the impact of changing SES on brain development are needed to determine causal links.
IMPLICATIONS FOR PEDIATRIC PRACTICE
Although young people are particularly vulnerable to the negative effects of poverty, their systems are also likely more malleable in response to intervention. The success of interventions such as the Perry Preschool Program demonstrate that the impact of poverty may be preventable or reversible at cognitive and behavioral levels. 118 The Perry Preschool Program, which randomized low-income 3-and 4-year-olds to a high-quality preschool program or a comparison group that received no preschool, demonstrated positive and sustained impacts on achievement test scores, educational attainment, and social skills (but not IQ) among children in the experimental group. 118 In addition, preliminary evidence, such as a recent randomized trial of a family-based intervention delivered in Head Start preschools, suggests that improvements at the neural level (eg electrophysiological measures of brain functions that support selective attention) in response to intervention are also possible. 119 Although research on reversibility is in its infancy, carefully tailored neuroscience-informed interventions might ultimately enhance practice-based approaches to reduce SES disparities in health and achievement.
The American Academy of Pediatrics has highlighted the need to build pediatricians' capacity to address poverty in their practices. 2 Bright Futures guidelines suggest that primary care providers evaluate and address social needs such as housing, employment, education, and food. 120, 121 Barriers remain to screening and referral, including time and financial pressures and inadequate capacity and quality of community-based resources. 65 Screening for psychosocial needs has been shown to increase utilization of community resources. 120 To date, however, the impact of primary care screening and referral on child cognitive, behavioral, or neural development has not been evaluated. It is conceivable that extending screening programs to include environmental mediators of neurodevelopment described above (eg, parenting stress, cognitive stimulation) could promote child neurodevelopment across the socioeconomic spectrum. 122 Primary care provides a populationbased setting for interventions to mitigate the impact of poverty early in life, as evidenced by programs like Reach Out and Read, which promotes early literacy. 65, 123 For example, in the Video Interaction Project, delivered alongside well child care, child development specialists provide parent-child interaction coaching and support play and shared reading. In randomized trials, the Video Interaction Project is associated with improvements in parenting quality and parent-child interaction, better cognition, and more shared reading. [123] [124] [125] Partnerships between clinicians and neuroscientists offer the opportunity to evaluate whether effective programs are also associated with changes at the neural level.
CONCLUSIONS AND FUTURE DIRECTIONS
To meaningfully improve child health at the population level, child health professionals must invest in efforts to reduce socioeconomic disparities in health and achievement. 65 Pediatricians' support and advocacy is a critical to expanding high-quality community resources for families, as well as coordinated systems to implement them. 65 Children raised in poverty vary substantially with respect to adverse environments and their susceptibility to these environments. Attributing risk based on socioeconomic resources alone may unnecessarily stigmatize families and communities whose children are thriving despite constrained resources. On the other hand, pediatricians may serve as ideal advocates for programs and supports that provide financial benefits to poor families and have been associated with remarkable differences in long-term cognitive and health outcomes. 126 In summary, although significant gaps remain, evidence from neuroscience is converging with evidence from epidemiology, developmental psychology, and genetics to underscore the role that social systems play in shaping developing biological systems. Partnering with neuroscientists to incorporate conceptual frameworks and methods into pediatric research could help explicate the neural mechanisms by which adversity affects children's life chances and target and evaluate programs to ameliorate these effects. 
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